Abstract-As an important type of industrial manipulator, spot welding robots are usually needed to work under high speed and heavy load working condition. The working condition can cause a dynamic deformation of the robot, which cannot be fast and accurately calculated currently. The dynamic deformation leads to poor performance of the robot, e.g. the end effector trajectory deflection and vibration. In this paper, we present a method for the robot dynamic deformation calculation, which can be practically applied to spot welding robots. The method is mainly implemented in three steps: 1.Based on the robot working condition, we first calculate the kinestate of each link in base frame, i.e. angular velocity and acceleration, linear velocity and acceleration. And we thus can obtain the inertia forces and torques of each link. 2. We build a finite element analysis (FEA) modeling by confirming the robot configuration, defining material property, setting constraints and meshing. 3. Orderly, we apply each inertia fore, inertia torque, robot gravity and load on the FEA modeling and calculate the responding dynamic deformation. The total deformation can be obtained by sum of all deformations, and we can also get the stress and strain condition in the same way. The proposed method provides a basis for robot dynamic deformation calculation and its effectiveness has been demonstrated by experiments.
I. INTRODUCTION
he welding robot, as an important type of industrial manipulator, has been widely put into practice, such as automobile, construction machinery, weapon industry and etc. The total number of the industrial manipulators has reached one million by the end of 2008, with the welding robots accounting for 50%. Welding robots have become irreplaceable equipment in industrial production.
To meet the practical requirement, spot welding robots are with several characteristics, i.e. high motional speed, large load-carrying capacity, high stiffness and etc. Amongst all these characteristics, the high motional speed can lead to large inertia force and torque on welding robots. Furthermore, the inertia force and torque can result in a dynamic deformation of the spot welding robot system, which can bring some serious problems, e.g. deflection of the planed trajectory for the end effector, robot system unexpected vibration, decrease of welding accuracy and robot parts' damage. Therefore, fast and accurate calculation of the dynamic deformation for the spot welding robots is strongly practically required for robot structure design and control.
So far, there has been some research on manipulator mechanical deformation analysis. Based on the methodology, we briefly categorize the relevant literatures into two kinds, namely, structure stiffness matrix based method and FEA method.
For the structure stiffness matrix based method, the manipulator end deformation can be calculated through the robot structure stiffness or flexible matrix [1] [2] . The stiffness or flexible matrix was constructed by mainly considering each joint stiffness or flexibility. [3] [4] introduced the deformation, compensation and control of the manipulator for machining. However, the manipulator generally runs at a low speed and the force caused by metal machining at the end effector plays a more important role of the deformation than the inertia forces. [5] [6] proposed a method to estimate industrial robots stiffness. The influence of the joint stiffness change on the manipulator structural stiffness was researched, and some experiments have been carried out to demonstrate the correctness of the method. However, limited to the matrix dimensions, the robot structure stiffness or flexible matrix cannot take the stiffness of robot links into account, which lead to the estimated stiffness is higher than the practical stiffness.
For the FEA method, the static deformation was first calculated and dynamic deformation can be roughly estimated with a constant multiple [7] . [8] [9] [10] [11] analyzed the high speed rotating machinery deformation of single spindle with dynamic FEA on a rigid-flexible model. With the vibrant analysis of the manipulator with flexible links [12] , it can be validated that the high speed motion and the configuration have a great effect on the elastic vibration. As spot welding robots are developing toward working with high motional speed and large load capability, inertia force and toque is an essential factor in mechanical analysis now. Currently, inertia force and toque is usually considered in single-joint manipulator in FEA method, because it brings a lot complexity to calculate the influence of inertia forces and torques on muti-jonit manipulator deformation due to the motion coupling of manipulator joints.
The dynamic deformation calculation method can be described mainly in three steps: first, calculate the kinestate and inertia forces and torques of each manipulator link; As aforementioned the dynamic deformation calculation can be processed in three steps.
In step 1, a robot modeling is built by given the D-H links parameters and mass distribution parameters. The link kinestate (angular velocity and acceleration, linear velocity and acceleration) can be calculated through the transformation of joint kinestate, and the inertia force and torque can be further calculated.
In step 2, a robot modeling with material property, force and position constraints, meshing, and etc. is built for the FEA analysis in step 3.
In step 3, the deformation caused by each inertia force, torque and static load can be analyzed by FEA respectively, and the total deformation is the sum of all deformations. It should be noted that the stress and strain of the robot can be calculated in the same way.
A. Calculation of the Each Link's Kinestate and Inertia Force and Torque
As most welding robots are typical multi-body systems, the manipulator links' motion can be treated as a free rigid body motion in the base frame.
Because the angular velocity and angular acceleration of link i are determined only by the angular velocity and angular acceleration of joint 1~i, the angular velocity and angular acceleration of link i can be calculated by the recursion method. After finishing the recursion on the angular velocity and angular acceleration of link 1~i, the linear velocity and acceleration can be calculated by the method of multi-rigid kinematics.
The 
The further differentiation to (2) gives:
The angular velocity and acceleration of each joint for manipulator can be achieved with (1) and (2) . It is obvious that the angular velocity and acceleration of joint 1 in Cartesian space equal to those in the joint space. The angular velocity and acceleration of link 2 can be calculated as (3) and (4), with frame A=0, B=1, C=2:
Therefore, angular velocity and acceleration of link i can be achieved as follows:
It can be found that besides According to (7), the linear velocity of the joint and centroid of each link can be given as:
The further differentiation to (7) gives:
(10) and (11) indicate that the linear acceleration of link i is determined by both the translate and rotation motion of link1~i. It shows that the motion coupling of manipulator has a strong effect on the link linear acceleration. The first term expresses the part caused by translation motion, and the latter one expresses the part caused by the rotation of link i in base frame.
3) The Inertia Force and Torque For link i, its angular velocity and acceleration can be calculated in (5) and (6), and respectively its linear velocity and acceleration can be calculated in (10) and (11) . The inertia force and torque can be thus respectively obtained:
The inertia force at link centroid can be calculated though Newton Second Law:
The inertia torque of link i can be calculated though Euler equation:
B. The FEA modeling for the welding robot FEA modeling is an essential step for the robot mechanical analysis, and a proper modeling can lead to an accurate analysis result. The modeling process can be described as follows:
Establish a three-dimensional modeling of the robot and set the robot parts' material property, e.g. modulus, shear modulus, intensity and etc. Set the joint stiffness and constraints of the robot. The joint stiffness mainly depends on the transmission system. The constraints of the robot contain force constraints and position constraints, e.g. the base installation condition, the resetting spring and etc. Mesh the model with tetrahedral cells, and calculate the element stiff matrix, where B is the geometric matrix, relevant with cell type and D is the elastic matrix, relevant with the robot parts material.
The total stiffness matrix is calculated by stiffness integration method as follows:
C. Deformation Calculation
In a spot welding robot system, the loads that can result in robot deformation include gravity, inertia force and torque. The inertia force 
We can assemble L F into 19 vectors and each vector is one term of gravity, inertia force or torque. 
Because the FEA modeling is with the linear-elastic feature, (16) ~ (18) satisfy the linearity computation principle. Therefore, the total deformation of the spot welding robot equals to the sum of deformations caused by each force.
Similarly, the stress and strain can be calculated by the same way.
Through (16) ~ (23), we can not only calculate the deformation, stress, and strain of the welding robot, but also shows the influence of each force on the total deformation.
D. Computer Processing
As the FEA method brings large-scale calculation complexity, the computer process with software becomes an appropriate way. The software should include the function of three dimensional modeling, dynamic simulation and FEA, and all function models are with the seamless interface for data transmission. To get the deformation, stress and strain of welding robots for an instantaneous time point, calculation processes should be implemented as aforementioned. Furthermore, the analysis for a continuous period can be divided into the analysis for a series of time points.
III. EXPERIMENT PLATFORM
A spot welding robot, developed by SIASUN Ltd, is chosen as the experiment platform, as shown in Fig. 4 . The novel spot welding robot, which adopts 6-DOF serial structure, has characteristics, such as large work space, high flexibility, high load-weight ratio and high motional speed. To keep the stability of running spot welding robot, the balancing cylinder is mounted on the base arm to reduce the influence of unbalanced moment to the shoulder joint of the manipulator. A high speed working condition of the we as shown in Fig.7 . Setting the perpendicular the initial state, the base frame {0} is define origin is coincident with the arc-centre of th along the horizontal direction, Z axis perpendicular direction, and the frame obe rule.
Here, the experiment is carried out to c deformation on a time point 1.4s and the m applied to calculate the deformation at the o First, the angular velocity, angular accele After that, the inertia forces and t through equation (12) and (13) and -14.420899mm. The deformation for other part of the welding robot can be achieved in the same way. Similarly, the stress and strain conditions of the manipulator are calculated by linear stacking based on the linearity of (17) and (18). Through computer aided analysis, the analysis result can be achieved visually, as shown in Fig.8 .
B. The Results Analysis
The experiment results are given as follows:
The results show that the total deformation is much larger than the static one. Especially in the gravity direction, the total deformation -14.42mm is nearly 5 times of the static one. At time of 1.4s, the inertia force of link 3 3 i F leads to a serious influence on the end deformation. Appropriate reduction of weight on link 3 can make a positive change on reducing the end effector deformation. is less than 3mm, smooth high speed motion is not the main factor affecting the end deformation. The field tests have been carried out to validate the method, as shown in Fig. 9 . It shows that the proposed method is reliable and the calculation results are close to the practical deformation. Welding robots need to work under the high speed and heavy load working condition, which can cause a large dynamic deformation. The paper proposes a method to calculate the dynamic deformation and researches the influence of each inertia force and torque on the total deformation. The proposed method is also fit for the stress and strain analysis of manipulators. The calculation experiments have been carried out to demonstrate the effectiveness of the proposed method.
Future work should mainly be oriented toward revising the method with nonlinear FEA models for a more precise solution.
VI. ACKNOWLEDGE
We thank Dr. Yalei Feng from SIASUN Robot & Automation Co., Ltd, China for his help on field experiment and useful comments which have greatly improved the manuscript.
